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Abstract: Performance evaluation is an important aspect in the study of microwave-absorbing
material coatings. The reflectivity of the incident wave is usually taken as the performance indicator.
There have been various methods to directly or indirectly measure the reflectivity, but existing
methods are mostly cumbersome and require a strict testing environment. What is more, they cannot
be applied to field measurement. In this paper, we propose a scheme to achieve field performance
evaluation of microwave-absorbing materials, which adopts a small H-plane sectoral horn antenna
as the testing probe and a small microwave reflectometer as the indicator. When the size of the
H-plane sectoral horn antenna is specially designed, the field distribution at the antenna aperture can
be approximated as a plane wave similar to the far field of the microwave emitted by a radar unit.
Therefore, the reflectivity can be obtained by a near-field measurement. We conducted experiments
on a kind of ferrite-based microwave-absorbing material at X band (8.2-12.4 GHz) to validate the
scheme. The experimental results show that the reflectivity is in agreement with the reference data
measured by the conventional method as a whole.

Keywords: microwave-absorbing materials; coating; performance evaluation; H-plane sectoral
horn antenna

1. Introduction

Absorbing materials refer to those materials that can absorb the electromagnetic energy projected
onto their surfaces, and transform the electromagnetic energy into heat or other forms of energy.
With the development of science and technology, electronic products are widely used in production
and life. They have made a great contribution to the progress of human civilization, but at the same
time brought a negative impact on the environment because of the electromagnetic interference of
electronic products. To eliminate the harmful effects of electromagnetic waves, various absorbing
materials have emerged [1-4]. In military applications, absorbing materials are also prevalent in
weapons manufacturing, especially to made fighter aircrafts stealthy. The application of absorbing
materials to military stealth is highly valued around the world [5].

Usually, the reflectivity of the incident wave is used to indicate the performance of absorbing
materials. There are two ways to measure the reflectivity. The indirect method is performed by
measuring the permittivity and permeability, the thickness of the absorbing material, and then deriving
the reflectivity by a corresponding formula. The other method is to get the reflectivity directly by
measuring the reflected power of a plane wave projected on the absorbing material [6].

Technologies for measuring the permittivity and permeability of the absorbing material can be
divided into two categories: The time-domain method and the frequency-domain method. In the
time-domain method, the permittivity and permeability are calculated by measuring the response of the
absorbing material to a step-voltage-pulse excitation signal. The frequency-domain method—according
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to the nature of the electromagnetic wave—can further be divided into the transmission/reflection
method, the resonant cavity method, the free-space method, etc. [7]. At present, there are many ways
to measure the permittivity and permeability of the absorbing material [8-10]. After obtaining the
permittivity and permeability, the reflectivity can be derived. However, evaluating the performance of
the absorbing material by these methods has inevitable shortcomings. The testing time is long and
the operation is cumbersome. The calculation is also time-consuming, and measurement errors of the
permittivity and permeability can easily lead to an incorrect calculation of reflectivity. What is more,
they cannot be used in field measurement.

Direct methods can also be used to get the reflectivity. There have been some schemes to get
the reflectivity directly; for example, the radar cross-section method, the model space translation
method, the arc-frame method, and so on [7]. The radar cross-section method directly adopts the
radar as the signal source. The reflectivity is obtained by measuring the reflected power of the signal
from the absorbing-material coating. In the model space translation method, one fixed antenna
emits a signal, and the other fixed antenna is used to receive the reflected signal to compute the
reflectivity. The absorbing-material coating is free to move. On the contrary, in the arc-frame method
two movable pyramidal horn antennas are mounted on an arc-frame to measure the reflectivity, and
the absorbing-material coating is fixed on the desktop. Among these methods, the arc-frame method
is widely recommended. Known as the NRL arc-frame technology [6], this method was originally
developed by the Naval Research Laboratory of America. It can obtain the reflectivity of the absorbing
material directly, but requires a strict testing environment. The measurement should be operated in a
microwave anechoic chamber, and is therefore not suitable for field measurement.

In this paper, we propose a scheme to evaluate the performance of microwave-absorbing material
on site, which adopts a small H-plane sectoral horn antenna as the testing probe and a small microwave
reflectometer as the indicator. When the size of the H-plane sectoral horn antenna is specially
designed, the field distribution at the aperture of the antenna can be approximated as a plane wave
which is similar to the far field of the microwave emitted by a Radar. Therefore, the reflectivity
can be obtained by near-field measurement. We conduct experiments on a kind of ferrite-based
microwave-absorbing material to validate the system. The Co-Ni-Zn ferrite is used as the absorber
in the material. Experimental results verify the scheme. The designed testing system is portable and
especially suitable for field measurement.

2. Preliminaries

2.1. Performance Representation of Microwave Absorbing Materials

The far field of a microwave emitted by a radar can be regarded as a plane wave. Therefore,
the microwave used to measure the reflectivity should be or should approximate a plane wave. Assume
a plane wave is incident at an angle on the absorbing-material coating, and the plane that is composed
of the incident vector and the normal vector is called the incident plane. If the incident electric field is
perpendicular to the incident plane, the incident wave is called a vertically polarized wave. Otherwise,
the incident wave is called a parallel polarized wave when the incident electric field vector is parallel
to the incident plane. For a microwave incident on the absorbing-material coating at an angle, it can be
decomposed into vertical and parallel polarization components [11]. Taking the vertically polarized
wave as example, the propagation of the incident wave in the coating is shown in Figure 1.
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Figure 1. Propagation of vertically polarized wave in the absorbing-material coating.

Ho and g are the permeability and permittivity of air, respectively; y, €, and d are the permeability,
permittivity, and thickness of the coating, respectively.
The unit vectors of the incident, reflected, and transmitted waves are represented as e ir e r, and
ey respectively. Then, we have
e1 = exsme + ezcose
er—exsmer—ezcoser (1)
et = exsmet—i- ezcoset

where 6;, 0;, and 6 are angles of incidence, reflection, and transmission, respectively. The field
expressions of incident, reflected, and transmitted waves are as follows [11]:

Ei Elme—jkg(xsine--i-zcose-)

;Ii _ L? % E me —jko(x sin ©;+z cos 6;)

~ Do

E; = Eyme™ ]ko(xsmer zcos Oy)

= @)
H, = ﬂ%e % Erme jko(xsin ©—z cos Or)

E¢ = Etme—]k(xsmet-&-zcoset)

H, = 1 et X Etme—jk(xsinet—i-zcoset)

where E; and H; are incident electric field and magnetic field, respectively; E; and H, are reflected

N

electric field and magnetic field, respectively; E; and H; are transmitted electric field and magnetic

field, respectively; Eim, Erm, and Ey are incident, reflected, and transmitted electric-field amplitudes,
respectively; 19 and 1n; are impedances of the plane wave in the air and in the coating, respectively;
ko = w,/eopp and k = w, /et are propagation constants of the plane wave in the air and in the coating,
respectively, and w is the angular frequency of the wave. According to Snell's reflection and refraction
laws [11], there are the following relationships:

91 =0y,
sinf; _ k (3)
sin®; ~ ko’

The total field at any point in the air is the superposition of incident and reflected fields. For the
vertically polarized wave, the electric field has only the y component. The magnetic field has x and z
components. The fields in the air are as follows [11]:

EOy — Ely 4 Ery — Elm<€7jkozcos 0; 4 rejkozcos 91>efjk0xsin9i/
Hy, = Hiy + Hyy = Eim cos 0: ( e—Jkoz cos 6; 4 Tefkoz cos ei)efjkoxsin Gi’ @)
Hy, = Hi, + Hy, = ilgl sin 91((3 jkoz cos 6; 4 [efkoz cos Gi)efjkoxsm Gi’
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where Eoy, H,y, and H,; are the total y, x, and z components of electric field and magnetic field in
the air, respectively; E;, and Ey, are y components of incident and reflected electric fields in the air,
respectively; H;,
the air, respectively; I' = Exn / Ein is the reflection coefficient. According to the propagation theory
of plane electromagnetic waves [11], the reflection coefficient of a plane wave incident on a metal

surface is

H;y, H;;, and Hy; are y and z components of incident and reflected magnetic fields in

r=-1 (5)

Therefore, the total field in the coating is expressed by

Ery = Ety + Egy = j2TEim sin[k(z — d) cos O¢Je /k¥sin ¢,
Hiy = Hix + Hux = *nlj]'ZTEim cos Ot sinfk(z — d) cos Gt]'e_j’fXSin O (6)
Hy; = Hy + Hyz = n%jZTEim sin 0; sin[k(z — d) cos Ot]e_]k"sm O,

where Ey,, H),, and Hy, are the total y, x, and z components of electric field and magnetic field in the
coating, respectively; Er,, Hty, and Hy; are the transmitted y, x, and z components of electric field and
magnetic field in the coating, respectively; Etry, Hiry, and Hy, are reflected y, x, and z components of
transmitted electric field and magnetic field from the metal surface in the coating, respectively, and
T is the transmission coefficient. Based on the boundary conditions [11], the tangential components
of electric field and magnetic field at z = 0 are continuous; i.e., Eoy = E1y, Hox = Hyy, then I is derived.
In practice, the reflectivity is generally expressed by decibels of reflection coefficient as follows [12]:

R(dB) = —201log|T]| @)

where R(dB) is the reflectivity. The negative sign on the right side of the equation is to make the
reflectivity positively related to the reflection coefficient.

Through the above analysis, we know the reflectivity is related to the permittivity and
permeability of the absorbing material, the coating thickness, and the incident angle of the plane
wave. The reflectivity will change when the incident angle varies. Traditionally, the reflectivity is
regarded as the performance indicator of the absorbing material when the microwave is normally
incident on the coating. In addition to measuring the permittivity and permeability to obtain the
reflectivity, we can also get the reflectivity by measuring the reflected power of the plane wave.
Assuming P; and P; are incident and reflected powers of a plane wave, respectively, the reflectivity can
be expressed as [13]:

R(dB) = —10log(P,/P;) ®)

The key factor to measure the reflectivity of the absorbing material on site is to produce an
approximated plane wave as the far field of the microwave emitted by a Radar. We find that the field
distribution at the aperture of the H-plane sectoral horn antenna can be approximated to a plane wave
when the size of the horn is specially designed.

2.2. Field Analysis of H-plane Sectoral Horn Antenna

The excited field in the waveguide feeder of the H-plane horn antenna is the dominant TE;y mode
which determines the field distribution in the horn [14]. The electric field has only the y component,
which satisfies the following Helmholtz equation in cylindrical coordinates [14]:

0*E, 10E, 1 0%E,

p— — —— 2 pu—
32 P 72 902 + wpegEy =0 9)

where E; is the y component of the electric field; r and 0 are coordinate variables. Solving Equation (9),
we can get the field distribution in the horn. The field exhibits the characteristics of a traveling wave
as r increases [14]. In addition to the dominant TE10 mode, higher order modes also exist locally in the
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horn because of the discontinuity at the throat and mouth of the horn [15]. At the throat, the energy
of higher-order modes is tiny and can be ignored when the flare angle is small. At the mouth, the
influence of higher-order modes on the field distribution is obvious. There are no analytic solutions to
the problem, but it decreases as the mouth plane is enlarged [15].

The wave-front in the horn is cylindrical or spherical, illustrated by the curved-dash line in
Figure 2. Therefore, the phase of the field is different along the aperture.

P

M

_ ¥

Figure 2. Cross section of the H-plane sectoral horn antenna.

Taking the phase of point O as reference, the phase difference between point M and point O’ is

given by
2

0, — (VR4 2 —R) = ;L _ ¥

==l - +
Ap 2R (2R)?

where 0y is the phase difference; Ap is the wavelength in the horn; R and x are illustrated in Figure 2;
A is an infinitesimal. When the length of the horn is much larger than the width of the aperture,

4

Al (10)

Equation (10) is simplified as follows:
2
X
Oy = —— 11
=R )
Supposing the width of the aperture is L, the maximum phase difference is given by

L2

= o, R

(12)
From Equation (12), we can see that the phase difference is inversely proportional to R. It tends to
zero when R is large enough, then the field at the aperture can be approximated as a plane wave.

3. Experimental Scheme

The working frequency of an H-plane sectoral horn antenna is determined by the size of
the waveguide feeder which is generally standardized. The flare angle and length of the horn
are needed to be specially designed. The work was conducted by the aid of Ansoft’s simulation
software high-frequency structure simulator. An H-plane sectoral horn antenna working at X band
(8.2-12.4 GHz) was designed. In order to regulate the phase difference at the aperture, an additional
short rectangular waveguide with the same size as the horn mouth is added at the aperture [16]. What
is more, two flanges are added to both ends of the horn antenna. The flange at the waveguide feeder is
used to conveniently connect the H-plane sectoral horn antenna with the microwave reflectometer.
The other flange at the mouth is used to reduce the induced current on the outer surface and at the same
time increase the contact area with the absorbing-material coating during on-site measurement [17].

The H-plane sectoral horn antenna is connected with a small microwave reflectometer via a
coaxial-to-waveguide adapter to form the whole testing system as illustrated in Figure 3.
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Figure 3. Schematic diagram of the testing system.

The small microwave reflectometer weighs less than 2.5 kg with dimensions of 260 mm x 180 mm
x 70 mm (length x width x height). Its working frequency is between 3.3 GHz and 18 GHz. The testing
reflectivity range is between 0.00 and 54.00 dB. In addition, the port of the microwave reflectometer is
N type, then a coaxial-to-waveguide adapter is needed to connect the H-plane sectoral horn antenna.
At the same time, it should be noted that the introduction of the adapter will cause a reflection of the
microwave, and then affect the measurement results. The smaller the input-voltage-standing-wave
ratio of the adapter is, the smaller the affection is [12]. What is more, in order to improve the operational
flexibility, a coaxial cable can be used between the microwave reflectometer and the H-plane sectoral
horn antenna.

4. Results and Discussion

We conducted experiments on a kind of ferrite-based microwave-absorbing material to evaluate
the testing scheme. The material was a composite, belonging to the coated absorber. It was painted
on two metal plates with different thickness numbered as #1 and #2, respectively. The polyurethane
in the material acted as the binder to make the material adhere firmly to the surface of the metal.
The metal plate had a thickness of 0.5 cm with an area of 25 cm x 25 cm. The surface density of the
coating was about 5 kg/m?. After painting, the coatings were polished to keep the surface flat and
clean. The whole painting process were controlled by the material manufacturer. The #1 absorbing
material coating had a thickness of 0.5 mm, and the #2 absorbing material coating had a thickness of
1 mm. The H-plane sectoral horn antenna was tightly attached to the two absorbing-material coatings
during the test, illustrated in Figure 4.

Generally speaking, the microwave reflectometer needs to be calibrated before the measurement.
However, the designed H-plane sectoral horn antenna has a nonstandard aperture. Routine calibrations
cannot be carried out with standard calibrating devices. We adopted the following calibration method
to eliminate systematic errors: Measure the reflectivity of a smooth metal plate in the X-band and take
it as reference data, then test the two absorbing materials. The measured results are subtracted by the
reference data. The resulted values are taken as the final reflectivity. The experimental results of the
two absorbing materials are shown in Figures 5 and 6, respectively.
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Figure 4. Testing process.
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Figure 5. Experimental results of absorbing material coating #1.
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Figure 6. Experimental results of absorbing material coating #2.
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The reference data were provided by the absorbing material manufacturer and obtained by the
arc-frame method in the microwave anechoic chamber. From Figures 5 and 6, we can see that the
experimental results are in good agreement with the reference data as a whole. The thicker the coating
is, the closer the measured reflectivity is to the reference data. The maximum deviation between
experimental results and the reference data appears in absorbing material coating #1. The difference is
0.87 dB at 8.6 GHz (10 percent of the reference data).

Through the testing process, we know that errors emerge in the following aspects: (1) the field
distribution at the aperture of the H-plane sectoral horn antenna is just an approximated plane wave,
which inevitably affects the measurement results; (2) the coaxial-to-waveguide adapter used in the
testing system is not an ideal one, and it introduces a reflection of microwave because of the nonzero
input-voltage—standing-wave ratio, which has an impact on the measurement results; (3) the calibration
method is also a source of errors because the calibration results are affected by the characteristics
of the metal plate; (4) the H-plane sectoral horn antenna cannot wholly contact with the coating
during the measurement, the air gaps can also affect the measurement because of the electromagnetic
leakage [18,19]. Regardless, errors are inevitable, but tolerable for field measurement.

The experimental results validated the scheme at X band. Based on the same idea, we can evaluate
the performance of absorbing materials in other frequency bands only if the size of the waveguide
feeder is correctly selected, and the flare angle and length of the horn are specially designed.

5. Conclusions

We proposed a scheme to achieve field performance evaluation of microwave-absorbing materials,
which adopted a small H-plane sectoral horn antenna as the testing probe and a small microwave
reflectometer as the indicator. When the size of the H-plane sectoral horn antenna is specially designed,
the field distribution at the aperture can be approximated to a plane wave as the far field of the
microwave emitted by a radar unit. Therefore, the reflectivity can be measured on-site. The microwave
reflectometer weighs less than 2.5 kg with dimensions of 260 mm x 180 mm x 70 mm, thus it is portable
and suitable for field measurement. We conducted experiments on one kind of microwave-absorbing
material to validate the scheme. Experimental results illustrated an agreement with the reference data
as a whole. The maximum deviation was less than 10 percent of the reference data. By designing
different H-plane sectoral horn antennas, the reflectivity at a wider range of frequency can be obtained.
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